Background/Aims: Exacerbation of innate immune responses can contribute to development of acute lung injury. Multiple cell populations, including the bronchiolar epithelium, coordinate these inflammatory responses. Clara cells, non-ciliated epithelial cells, are located in the distal airways in humans and conducting airways in mice. These cells actively participate in innate immune responses but their precise contributions remain poorly defined. Methods: To test the hypothesis that E. coli lipopolysaccaride (LPS) treatment stimulates production of proinflammatory mediators in mouse transformed Clara cells (MTCC), MTCC were treated with E. coli lipopolysaccaride (LPS). Results: LPS increased COX-2 expression and stimulated production of prostaglandins, including prostaglandin E 2 (PGE 2 ). Enhanced mitogen activated protein kinase (MAPK) activation, nuclear factor-κB (NFκB) activation, and chemokine production were observed in MTCC in response to LPS treatment. Conclusions: While the role for Clara cells in the regulation of host defense and the progression of acute lung injury needs further characterization, our data suggests the importance of this unique cell population in the pathogenesis of LPS-induced acute lung injury.
Introduction
Acute lung injury (ALI) can result from persistent lung infection which exacerbation of pro-inflammatory responses is a contributing factor. Clinically, ALI can further progress into life-threatening acute respiratory distress syndrome (ARDS) [1] . ALI and ARDS are characterized by excess production of pro-inflammatory mediators, including eicosanoids [2] . Lipopolysaccaride (LPS), a component of gram negative bacteria, activate Toll-like receptor 4 (TLR4) to stimulate intracellular signaling cascades. Through the activation of mitogen activated protein kinase (MAPK) and nuclear factor-κB (NFκB) pathways, these signaling pathways lead to increased production of cytokines, chemokines, and the 214 synthesis of a broad group of lipid inflammatory mediators [3, 4] .
During the inflammatory process, activation of phospholipase A 2 (PLA 2 ) causes release of arachidonic acid from membrane phospholipids which can be enzymatically metabolized by cyclooxgenases (COX) to form products including prostaglandins (PG) and thromboxanes (TX). Prostanoid products of COX are produced by multiple cell types including leukocytes and lung epithelial cells [5] . COX-2 is highly expressed in the lung, can be further induced by pro-inflammatory stimuli [6] , and is increased in animal models of acute lung injury [7] . Pro-inflammatory lipid products of cycloxygenases include PGD 2 , PGF 2α , PGE 2 , and TXB 2 . PGD 2 and PGF 2α stimulate constriction of pulmonary airways and the systemic vasculature [5] . TXB 2 is involved in regulation of vascular permeability. PGE 2 serves as a potent bronchodilator and regulator of macrophage activation [5, 8] .
The airway epithelium contributes to innate immune defenses in the lung by serving as a physical barrier and participating in coordinated pro-and anti-inflammatory responses [9] . Clara cells are non-ciliated epithelial cells located in the distal airways of human lungs and modulate immune responses [10] . These immune properties are largely attributed to the properties of their signature protein product, Clara cell secretory protein (CCSP) [11] . CCSP is suggested to have anti-inflammatory properties based on associations with acute lung injury in humans [12] and multiple mouse models of lung injury [13] [14] [15] [16] . Recent investigations have supported a role for NFκB activation in Clara cells to initiate pulmonary inflammation [17] [18] [19] . Additionally, Clara cells respond to LPS administration by increasing secretion of pro-inflammatory chemokines [20, 21] .
Mouse transformed Clara cells (MTCC), a cell line generated from transgenic mice expressing SV40 T antigen under control of the CCSP promoter, have physiologic properties similar to primary Clara cells [22, 23] . The studies described in this report utilized MTCC to elucidate the contribution of COX-derived lipid mediators in Clara cell responses to lipopolysaccharide (LPS) treatment. We hypothesized that LPS treatment would increase COX-2 protein expression and prostanoid production in MTCC. Our data indicate that COX-2 is expressed in small airways and LPS induces COX-2 expression in MTCC leading to increased production of inflammatory lipid products, suggesting a previously undefined role for Clara cells during innate immune responses.
Materials and Methods

E. Coli Treatment and Immunohistochemistry
All mouse studies were performed using protocols that are approved by the IACUC at The Research Institute at Nationwide Children's Hospital. Eleven to twelve week old female C57BL/6 mice were anesthetized with isofluorane, and then inoculated intratracheally with vehicle (PBS) or 1 x 10 7 CFU/mouse E. coli (strain #12014, American Type Culture Collection, Manassas, VA). Twenty four hours after infection, mice were sacrificed and lungs were fixed with formalin. Fixed lungs were paraffin embedded and microsections were mounted on microscope slides. Slides of lung sections were stained with antibodies specific for COX-2 (rabbit polyclonal, 1:150, Cayman, Ann Arbor, MI) and CCSP (rabbit polyclonal, 1:1000, Seven Hill Bioreagents, Cincinnati, OH). Photomicrographs were taken of conducting or bronchiolar airways with a light microscope at 400x magnification.
Cell Culture and Treatments
Mouse transformed Clara cells (MTCC) and RAW 264.7 cells (a mouse macrophage cell line) were grown to 70-80% confluence for all studies. MTCC or RAW 264.7 cells were cultured in 1X DMEM with 4.5 g/L glucose (Mediatech, Inc., Manassas, VA) with 10% Fetal Bovine Serum (Mediatech, Inc.), and 1% Penicillin-Streptomycin (Mediatech, Inc.). MTCC or RAW 264.7 macrophages were treated with Dulbecco's PBS (Mediatech, Inc.) or E. coli O111: B4 lipopolysaccaride (cat# 437627, Calbiochem, Darmstadt, Germany) in serum-free media for the length of time indicated in each experiment. Dose response studies were performed and 1 ng/mL LPS was determined to be the lowest dose that caused keratinocytederived chemokine (KC) levels to be higher than the vehicle control. In additional studies, MTCC were treated with DMSO, 20 µM SB203580 (Invivogen, San Diego, CA), 20 µM SP600125 (Invivogen), and 1 or 10 µM NS-398 (Cayman).
ELISA
MTCCs or RAW 264.7 macrophages were cultured on 24-well plates and allowed to adhere overnight. Cells were treated with DPBS, 1, 10, 100, or 1000 ng/mL LPS and media was collected after 24 h. Tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and KC levels were measured in media using ELISA (Duoset ELISA kits, R&D Systems, Minneapolis, MN) according to the manufacturers' protocols. Absorbance was determined spectrophometrically using a Spectramax M2 Plate Reader (Molecular Devices, Sunnyvale, CA).
Western blots
Protein concentrations of cell lysates were determined by Bradford assay. Samples (25 µg protein) were separated by SDS-PAGE, and transferred to nitrocellulose membranes. Following blocking for 1.5 h, blots were probed with primary antibodies for phospho-p38 (rabbit monoclonal, 1:1000, Cell Signaling, Danvers, MA), phospho-ERK (rabbit monoclonal, 1:1000, Cell Signaling), phospho-JNK (rabbit monoclonal, 1:1000, Cell Signaling), total p38 (rabbit monoclonal, 1:1000, Cell Signaling), total ERK (rabbit monoclonal, 1:1000, Cell Britt Jr/Locy/Tipple/Nelin/Rogers Cell Physiol Biochem 2012;29:213-222 Signaling), total JNK (rabbit monoclonal, 1:1000, Cell Signaling), IκB-α (rabbit monoclonal, 1:1000, Cell Signaling), CCSP (1:1000), COX-1 (rabbit polyclonal, Cayman), or COX-2 (rabbit monoclonal, 1:200, Abcam, Cambridge, MA). For loading controls, α-tubulin (rabbit polyclonal, 1:10000, Abcam) or β-actin (rabbit monoclonal, 1:10000, Abcam) primary antibodies were used. Horseradish peroxidase conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (1:12000, BioRad Laboratories, Hercules, CA) were applied for 1 h. Immunoblots were developed using enhanced chemiluminescence western blotting detection (GE Healthcare, Buckinghamshire, UK) and band densities were quantified using Image Quant TL software, version 5.0 (GE Healthcare). During band quantification, background was subtracted.
Quantitative real-time PCR RNA was isolated from cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. cDNAs were synthesized using Oligo d(T) primers (Invitrogen), dNTP, Superscript III Reverse Transcriptase kit (Invitrogen). cDNAs were loaded onto 96-well plates containing specific primers for KC, TNF-α, IL-6, CCSP, and β-actin (Table  1 ; Integrated DNA Technologies, San Diego, CA), and SYBR green/ROX master mix (Qiagen, Valencia, CA). Quantitative real time PCR (qRT-PCR) was performed using 7500 Applied Biosystems Real time PCR System (Qiagen). CT values of specified proteins were normalized to the CT values of β-actin. Fold change was calculated by normalizing to vehicle (calculated using 2 (-ΔΔCT) ). Melt curves were utilized to ensure formation of a single product. Statistical analyses were performed on β-actin normalized values to assess differences between treatment groups.
Eicosanoid measurements
Analyses were performed by LC-MS/MS techniques using MRM and stable isotope dilution for quantitation as previously described [24] . Individual calibration curves were generated for each class of lipids and sample concentrations were calculated using isotope dilution corrections.
Statistics
Values from ELISA, density values, and prostaglandin levels were analyzed using one-way ANOVA with NewmanKeuls post-hoc. ΔCT values were analyzed by two-tailed student's t test. Significant differences are indicated as p<0.05. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
Results
Although COX-2 is highly expressed in the lung, the cell type specificity in the airway epithelium has not been previously defined. COX-2 expression, in vivo, was assessed in lung sections from mice treated with vehicle or E. coli. Immunohistochemical staining revealed intense COX-2 protein expression in many cell types in the lung including conducting airway epithelial cells (Fig. 1) .
The mechanisms by which Clara cells contribute to pulmonary responses to E. coli infection were modeled using LPS treatment to MTCC in vitro. COX-2 mRNA levels, measured by qRT-PCR, were increased 6 fold 1 h following LPS treatment and returned to baseline levels at 4 and 8 h ( Fig. 2A) . COX-2 protein expression was increased in lysates from LPS treated MTCC when compared to vehicle controls at 2, 4, and 8 h, but was not different than vehicle treated cells at 24 h (Fig. 2B ). Protein levels of COX-1 were not different between vehicle and LPS treated MTCC at any time point (Fig.  3) .
The contribution of LPS induced COX-2 expression on the formation of lipid metabolites was investigated.
Prostaglandin and thromboxane levels were measured in media at 2, 4, and 8 h after treatment (Fig. 4) . Significant increases of PGF 2α and PGE 2 levels were observed at 4 h, and returned to baseline levels by 8 h. TXB 2 levels were not significantly altered by LPS treatment at the time points tested. Pretreatment with 1 µM (data not shown) or 10 µM NS-398, a COX-2 selective inhibitor, prevented the LPS-induced increases observed at 4 h (Fig. 4 ). These data demonstrate that LPS induced increases in specific prostaglandin products are mediated by COX-2. (A) MTCC were treated with vehicle or 100 ng/mL LPS for 1, 4, or 8 h. COX-2 mRNA expression levels were determined by qRT-PCR. Ct values were normalized to β-actin, and ΔΔCt were normalized to vehicle controls. Data are presented as fold change. Statistical analyses were performed on ΔCt values and analyzed using two tailed student's t test. * indicates a significant difference compared to vehicle control. Data represent means ± SEM from 2 independent experiments (n=6, p≤0.05). (B) MTCC were treated with vehicle or 100 ng/mL LPS for 2, 4, 8, or 24 h. COX-2 protein levels were determined by western blot using enhance chemiluminescense and autoradiography. COX-2 densities were normalized to α-tubulin and quantified by densitometry. Data were analyzed using oneway ANOVA with Newman Keuls post-hoc. * indicates a significant difference compared to vehicle control and 24 h; % indicates a significant difference compared to 4 h. Data represents means ± SEM (normalized to vehicle controls) from at least 3 independent experiments (n=9-12, p≤0.05). Fig. 3 . COX-1 protein expression is not altered by LPS. MTCC were treated with vehicle or 100 ng/mL LPS for 2, 4, 8, or 24 h. COX-1 protein levels were determined by western blot using enhance chemiluminescense and autoradiography. COX-1 densities were normalized to α-tubulin and quantified by densitometry. Data were analyzed using one-way ANOVA with Newman Keuls post-hoc. No significant differences were observed. Data represents means ± SEM (normalized to vehicle controls) from 3-4 independent experiments (n=9-12, p≤0.05).
The immune function of Clara cells has been previously attributed to their production of CCSP protein [25] . To determine the effect of LPS treatment on CCSP expression, MTCC were treated with vehicle or 100 ng/ mL LPS for 8 or 24 h. CCSP mRNA levels, measured by qRT-PCR, were not increased by LPS treatment at 8 h. Furthermore, CCSP protein levels were not different between vehicle and LPS treatments at either 8 or 24 h (Fig. 5) . Our data indicate that LPS treatment had no effect on CCSP mRNA or protein expression in MTCC at the time points tested.
Classical cellular responses to LPS include increased expression of cytokines and chemokines. Cytokine and chemokine mRNA expression levels were measured by qRT-PCR and protein levels in media were measured by ELISA. Significant increases in TNF-α and IL-6 mRNA expression were observed in response to LPS when compared to vehicle treatment (Fig. 6A) . However, significant increases in protein levels of TNF-α and IL-6 were not observed in media from either LPS or vehicle treated cells (Fig. 6B) . As a positive control, RAW 264.7 macrophages were treated with LPS and significant induction of TNF-α protein secretion was observed (Fig.  6B) . In addition, TNF-α and IL-6 protein levels were measured in whole cell lysates following LPS treatment.
TNF-α protein levels were detected in lysates of vehicle and LPS treated MTCC (Fig. 6C ) but were not different between treatments. IL-6 levels in cell lysates from vehicle and LPS treated MTCC were below the limit of detection (data not shown). These data suggest that upon stimulation with LPS, MTCC increase TNF-α and IL-6 mRNA levels however this does not result in elevated protein levels in cell lysates or media.
LPS treatment significantly increased KC mRNA expression 1 h post treatment and mRNA levels remained elevated through 8 h (Fig. 7A) . Similar increases in macrophage inflammatory protein (MIP-2) and monocyte chemoattractant protein-1 (MCP-1) mRNA were observed at 8 h (data not shown). The increase in mRNA levels in LPS treated cells translated to increases in KC protein levels at 4 h and protein levels continued to increase through 24 h (Fig. 7B) . Dose response studies indicate that at 24 h KC protein levels are increased by as little as 1 ng/mL with no further significant increases in doses up to 1000 ng/mL (Fig. 7C) .
We assessed the autocrine effect of LPS induced prostaglandin formation on chemokine expression by inhibition of COX-2 expression and activity on KC production by MTCC. Cells were pretreated with vehicle, 1, or 10 µM NS-398 and subsequently treated with vehicle or LPS. KC expression was not significantly altered in MTCC pretreated with NS-398 prior to LPS treatment (Fig. 7D) at the doses tested, suggesting that KC expression is not influenced by COX-2 activity or the concentration of inhibitor is insufficient to overcome the responses.
In vitro studies in macrophages and mouse studies have shown that LPS stimulation leads to phosphorylation of the MAPK proteins, JNK, p38, and/or ERK and Fig. 4 . Prostaglandin levels are increased by LPS. MTCC were treated with vehicle or 100 ng/mL LPS for 2, 4, or 8 h. Additionally, MTCC were pretreated with vehicle or 10 µM NS-398 for 30 min, then vehicle or 100 ng/mL LPS for 4 h. Lipid values were normalized to vehicle control for each experiment. Data was analyzed using one-way ANOVA with Newman Keuls post-hoc. * indicates a significant difference compared to vehicle control; % indicates a significant difference compared to NS-398; $ indicates a significant difference compared to 2 h; # indicates a significant difference compared to 8 h. Data represents means ± SEM (normalized to vehicle controls) from at least 3 independent experiments (n=9-12, p≤0.05).
Fig. 5. CCSP expression is not altered by LPS treatment. MTCC were treated with vehicle or 100 ng/mL LPS for 8 or 24 h. (A)
Cells were harvested at 8 h and CCSP mRNA expression levels were determined by qRT-PCR. Ct values were normalized to β-actin, and ΔΔCt were normalized to vehicle controls. Data are presented as fold change. Statistical analyses were performed on ΔCT values and analyzed using two tailed student's t test. Data represent means ± SEM from at least 3 independent experiments (n=13, p≤0.05). (B) CCSP protein levels at 8 and 24 h were determined by Western blot using enhance chemiluminescense and autoradiography and quantified by densitometry. CCSP band density was normalized to the band density of β-actin. Data were analyzed using two tailed student's t test. Data represents means ± SEM (normalized to vehicle controls) from at least 3 independent experiments (n=13, p≤0.05).
Clara Cell Responses to LPS
Cell Physiol Biochem 2012;29:213-222 activation of NFκB [3, 26] . Phosphorylation of JNK, p38, and ERK were measured in whole cell lysates from MTCC treated with vehicle or 100 ng/mL LPS for 0, 15, 30, 45, 60, and 120 min. The phosphorylation of JNK, p38, and ERK was significantly increased 15 min after LPS treatment, was sustained for at least 60 min, and returned to basal levels by 120 min (Fig. 8A ). IκB-α directly binds NFκB subunits, thereby sequestering them in the cytoplasm and preventing NFκB activation. Inflammatory stimuli causes phosphorylation, ubiquitination, and degradation of IκB-α releasing NFκB subunits [27] . IκB-α protein levels were measured by western blot in MTCC treated with vehicle or 100 ng/mL LPS. Our data indicate a reduction in IκB-α protein levels at 30 min in MTCC treated with LPS compared to controls (Fig. 8B) . As with the MAPK proteins, IκB-α protein expression levels returned to basal levels 120 min after LPS treatment. MAPK pathways are known to regulate expression of pro-inflammatory mediators. Consequently, we hypothesized that p38 and JNK may regulate the rapid induction of COX-2 ( Fig. 2) and KC (Fig. 7) protein levels. To test this hypothesis, MTCC were pretreated with vehicle, SB203580 (p38 inhibitor), or SP600125 (JNK inhibitor), and subsequently treated with vehicle or LPS. COX-2 protein levels in cell lysates were not affected by inhibition of p38 or JNK after 2 h LPS stimulation (Fig.  9A) . However, p38 and JNK inhibition suppressed LPSinduced KC protein levels after 4 h (Fig. 9B) . KC protein levels were no longer suppressed at 24 h (Fig. 9C) . Surprisingly, p38 inhibition slightly increased KC expression at 24 h. Together, these data suggest that p38 and JNK may regulate KC and play a role in the increase in protein expression at 4 h, but are either not involved or the inhibition is no longer effective in modulating the increases in KC translation after 24 h.
Discussion
Clara cells are emerging as an important cell population within the airway epithelium during lung injury [28] . However, the specific mediators that are produced by Clara cells during inflammation are not well characterized. The role of COX-2 during inflammation is dynamic and recent studies demonstrate that COX-2 has a central role during the initiation as well as resolution of inflammation [29] . A seminal report by Gilroy et al. [30] indicated bi-phasic responses associated with COX-2 activation during a model of acute inflammation in the pleural cavity. The first phase was a classical proinflammatory response early in the course of injury, followed by a second anti-inflammatory phase involving the production of lipids with anti-inflammatory properties Fig. 9 . Regulation of COX-2 and chemokines by SB203580 and SP600125. MTCC were pretreated with vehicle, 20 µM SB203580 (p38 inhibitor), or 20 µM SP600125 (JNK inhibitor) for 1 h. (A) COX-2 expression was assessed after treatment with 100 ng/mL LPS for 2 h by western blot using enhance chemiluminescense and autoradiography. Band densities were quantified. Media was collected and KC secretion was analyzed by ELISA after treatment with 1 ng/mL LPS for (B) 4 h or (C) 24 h. Data were analyzed using one-way ANOVA with Newman Keuls post-hoc. * indicates a significant difference compared to vehicle, # and $ indicates a significant difference compared to LPS treatment. Data represents means ± SEM (normalized to vehicle controls) from 2-3 independent experiments (n=6-9 p≤0.05).
Clara Cell Responses to LPS
Cell Physiol Biochem 2012;29:213-222 [30] . We observed changes in COX-2 expression in MTCC treated with LPS suggesting a potential role for Clara cells in response to LPS. Immunohistochemical analyses demonstrated that COX-2 expression in small airways is present in nonciliated airway epithelial cells in addition to other cell types (Fig. 1) . Positive staining in vehicle treated mice suggests that COX-2 may have a homeostatic role in the small airways. While elevations in COX-2 and subsequent prostaglandin expression during inflammation are likely transient and tightly regulated, we speculate that Clara cells exhibit increased COX-2 mRNA and protein, and production of prostaglandins during initial responses to E. coli infection.
The expression of COX-2 in CCSP expressing cells led us to investigate COX-2 expression and activity in an immortalized Clara cell line, using LPS treatment as a model of gram negative infection. Our studies in MTCC indicated a rapid and substantial increase in COX-2 mRNA and protein expression in response to LPS (Fig.  2) . Increases in COX-2 expression preceded the elevation in PGF 2α and PGE 2 levels in response to LPS (Fig. 4) . The specific effects of elevated PGF 2α remain less characterized than other prostaglandins, however PGF 2α is associated with inflammatory responses [5, 31] . The primary physiological functions of PGF 2α include vasoand broncho-constriction by stimulation of smooth muscle cells that is observed early in the course of pulmonary infection.
The known roles of PGE 2 during inflammatory responses are complex and depend on the cell type, expression of receptors, and the microenvironment. During the initiation of inflammation in the lung, PGE 2 regulates vascular and airway constriction increasing vascular and airway permeability [5, 32] . After the initial response, PGE 2 is implicated in "class switching" to initiate pathways involved in reprogramming of inflammatory cells to activate inflammatory resolution pathways [2, 7, 33] . Studies using COX-2 deficient mice have demonstrated an essential role for PGE 2 expression in prevention of pulmonary fibrosis induced by vanadium pentoxide or bleomycin [34, 35] and bronchoconstriction in response to LPS [36] . Increases in PGE 2 production by MTCC suggest an active role for Clara cells in both stages of the inflammatory response. The lack of changes in the levels of TXB 2 was surprising. One possible explanation is that the subsequent enzyme activity required for TXB 2 formation, thromboxane A 2 synthase, is not activated by LPS in Clara cells.
Previous studies in Clara cells have focused on the expression of CCSP and have demonstrated that intratracheal LPS administration decreased CCSP levels in bronchoalveolar lavage fluids compared to vehicle controls [37] . In the present study, CCSP mRNA or protein levels were not affected by LPS administration in MTCC (Fig. 5) . Differences between our results and previous studies could be attributable to cell-cell interactions present in the whole lung, differences in timing, or dose of LPS in our in vitro model. Cytokine and chemokine responses to LPS by MTCC were similar to previous reports investigating inflammatory responses of Clara cells. Elizur et al. reported increased chemokine mRNA and protein secretion in both immortalized and primary Clara cells treated with LPS [21] . Similarly, we observed increases in KC transcription and secretion in MTCC treated with LPS (Fig. 7) . Similar increases in mRNA and protein levels were also observed with other chemokines, MIP-2 and MCP-1 (data not shown), however the most robust responses were observed and further characterized with KC. The prostanoids PGF 2α and PGE 2 can influence inflammatory responses and alter chemokine expression [38, 39] . In our studies, inhibition of COX-2 and thus prostaglandin production, did not alter LPS-induced KC secretion in MTCC (Fig. 7D) . These data suggest that COX-2 metabolic products do not influence KC expression in response to LPS in MTCC.
Interestingly, transcription of TNF-α and IL-6 mRNA were increased in MTCC treated with LPS compared to vehicle-treated controls however protein levels in media were below the limit of detection (Fig. 6) . TNF-α, but not IL-6, protein was detected in cell lysates from MTCC (Fig. 6C ) but was not different between LPS and vehicle treated cells. We observed a similar finding upon treatment with Pam2CSK, a TLR2 agonist, which stimulated KC secretion but did not stimulate TNF-α and IL-6 secretion in MTCC (data not shown), suggesting these mechanisms are not specific to LPS treatment. Similar observations have been previously reported in primary Clara cells treated with LPS [21] . Furthermore, CCSP-positive primary airway epithelial cells isolated from mice expressing constitutively active NFκB produce multiple chemokines but do not produce TNF-α or interleukin-1β (IL-1β) protein [18] . The physiological significance or mechanisms responsible for the absence of significant cytokine production upon LPS stimulation are not clear. However, we speculate that Clara cells may contribute to chemotactic gradients for leukocyte recruitment and facilitate production of cytokines by other cell types such as macrophages.
Our data indicate that LPS treatment induces phosphorylation of p38, JNK, and ERK and reduces IκB-α protein levels in MTCC (Fig. 8) within 30 min. We demonstrated rapid decreases in IκB-α protein levels which is a marker for NFκB nuclear translocation. Previous studies have suggested that rapid induction of COX-2 expression may be regulated by p38 [40] . We found that COX-2 protein expression was not directly related to activation of p38 or JNK in MTCC (Fig. 9A) , but may be dependent on NFκB-mediated mechanisms. Additional studies using the IκB-α inhibitor, BAY-117082, resulted in cytotoxicity of MTCC; consequently, we were unable to test this hypothesis. We speculate that other cell signaling pathways may be involved in the regulation of LPS induced COX-2 expression in Clara cells.
Although the KC mRNA levels are maximal at 1 h, KC protein expression continued to increase for 24 h after LPS stimulation (Fig. 7) . Inhibition of p38 and JNK activation significantly reduced protein expression of KC after 4 h LPS treatment but had little effect on KC protein levels at 24 h (Figs. 9B, C) . These data suggest that p38 and JNK may regulate early induction of KC expression, but their effects were not sustained, likely due to continued enhanced transcription of KC mRNA.
Further investigation is needed to understand the transcriptional regulation of COX-2 and KC expression in Clara cells.
In addition to the previously described roles for Clara cells in the pathogenesis of acute lung injury, our studies indicate that LPS modulates COX-2 expression in MTCC and the subsequent production of prostaglandins. Furthermore, these novel findings suggest a previously unidentified mechanism by which Clara cells may modulate pro-inflammatory responses within the small airways. Enhanced understanding of the role of COX-2 in response to LPS in Clara cells could lead to directed therapies that would be clinically useful in the treatment of acute lung injury.
